Association studies, as well as the initial translocation family study, identified the gene Disrupted-InSchizophrenia-1 (DISC1) as a risk factor for schizophrenia. DISC1 encodes a multifunctional scaffold protein involved in neurodevelopmental processes implicated in the etiology of schizophrenia. The present study explores the contribution of the DISC locus to schizophrenia using three different approaches: (i) systematic association mapping aimed at detecting DISC risk variants in a schizophrenia sample from a central European population (556 SNPs, n 5 1621 individuals). In this homogenous sample, a circumscribed DISC1 interval in intron 9 was significantly associated with schizophrenia in females (P 5 4 3 10
INTRODUCTION
Disrupted-In-Schizophrenia-1 (DISC1, MIM 605210) is one of the most frequently implicated risk genes for schizophrenia (MIM 181500) (1) . The DISC locus was first discovered through a breakpoint mapping on chromosome 1q42 in a Scottish family with a balanced translocation (1,11) (q42.1;q14.3) that was found to segregate with a wide spectrum of mental disorders (2, 3) . Linkage disequilibrium (LD) studies using different schizophrenia samples were then performed and provided evidence that the DISC locus is also involved in more common forms of schizophrenia (4) (Supplementary Material, Table S1 ). Furthermore, DISC1 is an interesting gene for neuropsychiatric disorders at the functional level. It encodes a multifunctional scaffold protein involved in neuronal migration, cortical layering and hippocampal formation, all of which are implicated in the etiology of schizophrenia (5) . Despite these encouraging findings, the genetic risk variants at the DISC locus remain unidentified. In addition, different DISC intervals have shown association across studies, and this is complicated by the fact that most studies analyzed different markers and that their coverage often did not suffice to systematically detect LD (Supplementary Material, Table S1 ). To date, only two studies have performed a locusspecific LD mapping using a sufficient marker grid (6, 7) .
This study investigated the contribution of the DISC locus in a large schizophrenia case-control sample from a central European population (n ¼ 1621 individuals). In order to map the schizophrenia risk variants in this homogenous sample as precisely as possible, we performed a systematic LD mapping using 556 variants [121 genotyped, 435 imputed single nucleotide polymorphisms (SNPs) ] . In addition, we tested for locus-specific interaction effects by analyzing the marker -marker interplay at the DISC locus most recently identified in schizophrenia (7) . The study also attempted to identify more common schizophrenia variants at the DISC locus across nine case-control samples obtained from different European populations. Notably, this combined analysis (50 markers, n ¼ 10 064 individuals maximum, n ¼ 3694 individuals minimum) is the first DISC meta-analysis in schizophrenia to date.
RESULTS

LD mapping in the central European schizophrenia sample
Sample homogeneity and haplotype structure. Our initial step was to assess the genetic homogeneity of our cases and controls and-in accordance with previous studies using this sample (8)-the Structure analysis suggested that our sample represented a homogenous population (see Materials and Methods and Supplementary Material).
Next, we explored the genomic architecture at the DISC locus. Using the haplotype definition of Gabriel et al. (9) and all 556 analyzed markers, we identified a total of 32 different haplotype blocks across the target region (see Materials and Methods, Supplementary Material, Table S2 and Supplementary Material, Fig. S1 ).
Single-marker association analysis. For the DISC LD mapping, we stratified our sample according to gender. This procedure represents an a priori approach, as previous studies have reported sex-specific DISC associations in schizophrenia (Supplementary Material, Table S1 ). In addition, we stratified the patient sample in a post hoc analysis for specific phenotypic characteristics that may have represented greater etiological homogeneity (see Materials and Methods). To prevent type-I association errors, we performed 10 000 permutations of each of the markers and samples (all, female, male and using all phenotypic strata tested in all three samples).
After the permutation, none of the DISC markers showed an association in the entire schizophrenia sample or in the male sub-sample (Supplementary Material, Table S2 ). In contrast, the female sub-sample showed a significant association in a circumscribed DISC1 intron 9 interval. Alleles of three markers, all belonging to haplotype block 22, were significantly more frequent in female patients with schizophrenia than female controls (P-values between 0.0002 -0.0006 and 0.0225 -0.0475 corrected) (Table 1 , Supplementary Material, Fig. S1 ). The corresponding odds ratios (ORs) ranged between 1.46 and 1.48. In addition, two genotyped and 17 imputed SNPs within block 22 showed a nominally significant association ( Table 1) .
The detailed phenotype-genotype analysis revealed that female patients with an early age of onset (EAO; less than 21 years) predominantly contributed to this association. In this phenotypically more homogeneous sample, the genetic effect size increased by an OR of 1.88 at two of three formerly associated markers (P-values of 0.0003 and 0.0312, corrected) ( Table 1) . The additional strata [lifetime history of depressive symptoms (DEP), and family history of psychiatric illness (FAM)] did not strengthen the association in this sample (Table 1) .
Our haplotype block 22 findings are consistent with some previously reported schizophrenia associations. Hodgkinson et al. (10) found an association in a European-American schizophrenia sample at all three markers tested in this region (rs1122359: P ¼ 0.003; rs999710: P ¼ 0.003; rs9432024: P ¼ 0.019). We genotyped two of these markers and both showed a significant association in females with schizophrenia in our sample (rs999710: P ¼ 0.0002; rs9432024: P ¼ 0.0013) ( Table 1, Supplementary Material,  Table S3 ). Notably, the same alleles were associated with schizophrenia in both studies. Furthermore, some previous studies that did not use a sex-specific analysis detected no association between schizophrenia and rs999710 (11, 12) or rs9432024 (13) (Supplementary Material, Table S3 ); these findings are consistent with our results, which revealed no association between schizophrenia and these markers in the all-gender analysis (Supplementary Material, Tables S2 and  S3) .
Supplementary Material, Table S3 lists three additional SNPs-in haplotype blocks 1, 12 and 27-where we and other independent studies observed a disease association in the same direction. However, none of the association signals in our sample were significant after the permutation correction.
Haplotype association analysis. For the multi-marker analysis, we used the haplotype block boundaries defined by Gabriel et al. (9) and only individually genotyped markers. All haplotypes that showed significant differences in their case -control distributions are presented in Supplementary Material, Table S4 . Consistent with the single-marker analysis, a ninemarker haplotype in block 22-GTCGACTGG-was significantly more frequent in females with schizophrenia than in female controls (41.1% versus 31.1%, P ¼ 0.00009) ( Table 2 ).
In addition, the neighboring haplotype block 23 showed an association in females with schizophrenia. The four-marker
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Human Molecular Genetics, 2009, Vol. 18, No. 14 haplotype GTAT was significantly more frequent in individuals with schizophrenia than controls (7.0% versus 3.6%, P ¼ 0.0037) ( Table 2 ). Because the results suggested an extended haplotype architecture at this locus, we conducted a combined block 22-23 analysis. This revealed two 13-marker risk haplotypes-GTCGACTGGGTGT and GTCGACTGGGTAT-that were both significant as well as more frequent in females with schizophrenia than female controls (32.5% versus 25.2%, P ¼ 0.0027, and 6.6% versus 3.3%, P ¼ 0.0048) ( Table 2 ). The less frequent 13-marker risk haplotype differed at SNP rs17770256 only compared with the common risk haplotype (alleles G versus A, underlined above and below). This haplotype most likely arose from the common risk haplotype after the mutation event had occurred. The combined 12-marker risk haplotype GTCGACTGGGT-G/A-T was more common in individuals with schizophrenia (38.8% versus 28.4% in controls) and was significantly associated with the disease (P ¼ 0.00004) ( Table 2) . Consistent with the single-marker results, the risk haplotypes were even more frequent in EAO females with schizophrenia ( Table 2) . In this homogenous sample, the most discriminative 12-marker risk haplotype had a frequency of 44.4% (versus 28.4% in controls) and was significantly associated with schizophrenia (P ¼ 0.00009) ( Table 2) .
Interplay and functional DISC variants in the central European schizophrenia sample
Next, we tested for the locus-specific interaction observed in the schizophrenia study by Hennah et al. (7) and adopted their marker -marker -interplay approach (see Materials and Methods). At both of the previously implicated markers (7)-rs1538979 and rs821633-we stratified our cases and controls by grouping homo-and heterozygote carriers of the same alleles together (e.g. grouping of all individuals carrying the genotypes AA and AG as well as all individuals carrying the genotypes GG and AG at rs1538979). Within the allele-stratified samples, we assessed the association at the other reported interaction-marker. Because the procedure represents a confirmative test approach, no correction was applied in this analysis.
We observed the same rs1538979 -rs821633 interaction that had previously been described in schizophrenia (7) . The SNP rs1538979 (allele A) was significantly associated in males with schizophrenia (15.3% cases versus 10.3% in controls, P ¼ 0.016, OR 1.57) by using rs821633 (allele G) as a conditional marker (Supplementary Material, Table S5 ). The association at rs1538979 was thus detectable only under the interaction model (Supplementary Material, Table S5 ). We also found that, on its own, allele G at rs821633 was a significant protective factor against schizophrenia (31.3% versus 35.9% in controls, P ¼ 0.038, OR 0.83) (Supplementary Material, Table S2 ); notably, the same effect had been observed by Hennah et al. (7) .
We then focused on those DISC1 variants that might be of functional relevance; these SNPs cause an amino acid substitution and were associated with schizophrenia in some previous studies (4). We found no association for rs6675281 (Leu607Phe) or rs821616 (Ser704Cys) in our overall or gender-specific analysis of individuals with schizophrenia (Supplementary Material, Table S2 ), as well as in our phenotypic strata analysis (data not shown).
DISC meta-analysis across European schizophrenia samples and studies
The third part of our study was a DISC meta-analysis using nine schizophrenia samples from different European populations (n ¼ 10 064 maximum sample size/SNP, n ¼ 3694 minimum sample size/SNP). All studies that used a 
e SNP-marker combination rs1015101-rs999710-rs11122355-rs9431711-rs17820909-rs11122362 -rs4658890-rs4333837-rs11122366-rs11585831-rs967433-rs821723. In this mixed European sample, evidence for common schizophrenia risk variants was found at 10 DISC SNPs (P-values between 0.002 and 0.048) ( Table 3 ). All studies contributed equally to the findings (heterogeneity test: P-values between 0.988 and 0.100) (Table 3 ) and the funnel-plot analysis did not indicate the presence of publication bias effects for the associated variants (data not shown).
Nevertheless, after correction by a factor of 23 was applied, only one marker, rs17817356, still remained significant (P ¼ 0.002, P ¼ 0.046 corrected, OR 1.27) ( Table 3 ); this correction factor represents the number of haplotype blocks in which the 50 meta-analysis markers were located. Although the use of the haplotype structure observed in our sample might not be representative for all samples tested in the meta-analysis, a Bonferroni correction by a factor of 50 (number of tested markers) seemed to be overly conservative, given the strong inter-marker LD within each haplotype block. The significant SNP (rs17817356) is located within a DISC1 intron 4 -6 interval, where four additional markers showed a nominally significant association in the meta-analysis (rs1538979 to rs1322784) (Table 3) . Interestingly, rs1538979-the marker that showed an interplay effect in our study as well as the one by Hennah et al. (7)-is one of the associated markers in the identified intron 4 -6 interval.
DISCUSSION
Notably, this analysis is one of the most comprehensive DISC studies in schizophrenia to date and comprises the application of three different, but complementary, approaches. Specifically, (i) in the first schizophrenia sample from a central European population, we analyzed 556 DISC markers (n ¼ 1621). The LD mapping included a detailed phenotype-genotype examination that further increased sample homogeneity. In this population, a circumscribed DISC1 intron 9 interval was associated with schizophrenia in females (P ¼ 0.00004), and this risk effect was strongest in EAO female patients (P ¼ 0.00009, OR 1.88); (ii) we then assessed the previously reported locus-specific DISC interaction (7) using the same central European sample. Our results confirmed the SNP interplay effect at rs1538979 -rs821633 that significantly conferred risk of schizophrenia in males (P ¼ 0.016, OR 1.57); (iii) finally, we performed a meta-analysis using 50 DISC markers and nine schizophrenia samples (n ¼ 10 064 individuals maximum, n ¼ 3694 minimum) with the goal of detecting additional schizophrenia variants across European populations. We found evidence for a common risk interval within DISC1 intron 4 -6 (P ¼ 0.002, OR 1.27).
The DISC findings described here point to a complex association profile in schizophrenia, including the presence of different risk loci and SNP interplay effects. In addition, our phenotype -genotype results highlight the value of homogenous samples in mapping risk genes for complex disorders. Below, we review some of the relevant findings in this area, and discuss the implications of the current study.
Different schizophrenia risk intervals at the DISC locus
The DISC1 intron 9 risk region implicated in schizophrenia risk for females in the central European sample has, to date, attracted only limited attention. Hodgkinson et al. (10) found an association at three SNPs within this locus in a European-American schizophrenia sample. Two of those three SNPs were analyzed in our study and showed a significant association (rs999710: P ¼ 0.0002; rs9432024: P ¼ 0.0013). In addition, Hennah et al. (7) found an association within haplotype block 22 in two schizophrenia samples (from London and Edinburgh). Consistent with the results of the present study, this association was most prominent in females. However, the same alleles were implicated by the present study and the one by Hodgkinson et al. (10) , whereas the findings of Hennah et al. (7) differ on the allelic level. This may reflect the presence of a different haplotype structure or risk haplotypes in the UK/Scottish and central European populations.
In addition, the meta-analysis points to a common schizophrenia risk interval in DISC1 intron 4 -6. Within this region, one marker was significantly associated with disease risk, and four neighboring markers showed a nominally significant association. The clustering may reflect the robustness of our findings. In addition, one of the associated variants in this interval was rs1538979, which conferred risk of schizophrenia in the present study, as well as in a previous one (7), through a SNP-SNP interaction.
On the basis of our findings and those of independent association studies, it appears that both DISC1 regions (within intron 9 and intron 4-6) are interesting candidates for schizophrenia follow-up studies. Furthermore, the extent of the identified risk intervals are circumscribed; the intron 9 interval spans between 27 and 47 kb (defined by markers of haplotype blocks 22 and 23 as well as 21 and 24) , and the size of the intron 4 -6 interval spans between 32 and 62 kb (inter-marker distances of the associated SNPs and first flanking markers without association). The limited extent of both regions should facilitate re-sequencing efforts, an important next step in determining the true underlying DISC risk variant(s) at both loci.
Locus-specific DISC interaction
The rs1538979 -rs821633 interaction confirms the recently reported SNP interplay effects at the DISC locus (7) . In that study as well as in the present one, the combination of the same alleles at both markers increased schizophrenia risk. Furthermore, we confirmed that rs821633-allele G by itself was a protective factor (7) .
Nevertheless, the results obtained here are not a complete replication. Hennah et al. (7) obtained their results in female individuals with schizophrenia, whereas we found ours in males with schizophrenia. The findings may point to differences in the underlying genetic structure of schizophrenia between both populations. Alternatively, additional variants (at other loci) may be involved in this two-marker interaction and they show sex differences between the populations. Finally, we cannot exclude the possibility that our interplay findings represent type-I errors, although they (ad hoc) confirm both of the previously reported DISC effects (rs1538979 -rs821633 interplay and protective effect of rs821633). We therefore recommend that the potential epistasis between both variants be an a priori consideration in all future schizophrenia DISC1 association studies.
Phenotype -genotype results
Our analysis points to a gender-specific DISC contribution in schizophrenia. This is supported by most other DISC studies that stratified their samples according to gender (7,14 -16) .
The results are also in accordance with clinical findings, where age of onset, premorbid functioning, symptomatic characteristics and course of illness are well-established gender differences (17) . Furthermore, the present phenotype-genotype analysis suggests that the identified DISC intron 9 interval contributes most strongly to EAO in females with schizophrenia. The finding is particularly consistent with the expectation that genetic effects should be more pronounced in patients with an earlier phenotypic expression. Unfortunately, we could not use a phenotypically more homogenous sample within our meta-analysis, because the raw data necessary for a detailed stratification (e. g. for gender) were not available for most of the included studies (see Materials and Methods). Despite this limitation, the comparatively large size of this sample provided sufficient power to detect more common risk loci at the DISC locus that contribute to schizophrenia across European populations.
Conclusion
Our results concur with previous DISC findings and point to a complex genetic architecture underlying schizophrenia at this locus, including the presence of private mutations as observed in the initially reported 'breakpoint family'. To address this complexity, we applied two different, but complementary approaches. We identified a circumscribed risk interval in DISC1 intron 9 by using a sample that might better represent greater etiological homogeneity (central European population, gender-stratification, EAO). In addition, we identified a risk interval in the DISC1 intron 4 -6 across European populations by performing a meta-analysis on a more heterogeneous but maximally sized sample. Both approaches are recommended when studying complex genetic disorders in general, and both led to the successful identification of two DISC risk intervals in the present study. On the basis of our results, future research to identify the underlying DISC risk variants at both loci can be conducted, with the ultimate goal of increasing our understanding of the etiology of schizophrenia.
MATERIALS AND METHODS
SNP marker selection
We genotyped 121 SNP markers, tagging all haplotypes at a frequency . 1% in the CEPH Utah (CEU) population using HapMap phase IþII data (HapMap release #20). Haplotype blocks were defined by the algorithm developed by Gabriel et al. (9) implemented in HaploView (v. 3.32) using the default settings. The selected SNPs covered 507 660 bp of the DISC locus (Supplementary Material, Table S2 and Fig. S1 ). The boundaries of the analyzed region ranged from 229 736 450 to 230 244 110 bp and the average inter-marker distance was 4195 bp.
Sample characteristics and diagnostic assessment
All 121 SNP markers were genotyped in a sample of 782 patients with schizophrenia (354 females, 428 males) and 839 controls (358 females, 481 males). All individuals were of German descent and were recruited in the local areas around the cities of Bonn and Mannheim (central western part of Germany). The genetic homogeneity of the sample was also determined using Structure v. 2.2 (18, 19) . (see Supplementary Material). The diagnostic assessment of patients was done using a best estimate approach and IPGS, a comprehensive inventory for phenotype characterization (20) . This included a SCID-I Interview for Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) and the OPCRIT system, as well as a review of medical records (21, 22) . All control subjects were screened for psychiatric disorders (see Supplementary Material). 
Haplotype definition and marker imputation
To obtain the most precise estimate of locus-specific genomic architecture, we used the genotypes of all 121 analyzed markers in our sample of 1621 individuals (cases and controls) and imputed genotypes of 435 additional SNPs using the CEU data released by the most updated phase of HapMap (HapMap release #22), as well as a Markov-chain approach as implemented by MACH (25) . The haplotype block structure was defined according to Gabriel et al. (9) using all 556 markers and HaploView (v. 4.0 beta 14).
Detailed phenotype -genotype analysis
Given that some previous studies found evidence of a genderspecific DISC association in their schizophrenia samples (4) (Supplementary Material, Table S1 ), we further stratified our sample according to gender. In addition, we stratified our patient sample for specific phenotypic characteristics that might represent greater etiological homogeneity. Table S8 provides a detailed overview of the composition of the stratified sample.
SNP marker interplay
For the locus-specific interaction, we used the marker-marker interplay approach reported by Hennah et al. (7) . At the two SNPs most implicated in their study (7)-rs1538979 and rs821633-we stratified our cases and controls by grouping homo-and heterozygote carriers of the same alleles together. Using the allele-stratified samples at the conditional marker, we tested for an association at the other reported interplay SNP. Phenotypic strata were not used for the interplay tests. The sample sizes after stratifying for allele carriers and phenotypic characteristics appeared to be too small for a powerful association.
Meta-analysis across samples and studies
For the meta-analysis, we included all studies that used a genebased association approach (defined by a marker set of more than five SNPs) and that were performed on independent case-control samples with a broad definition of European ancestry. Markers were only selected, if they had been analyzed in at least three of the included studies and showed the same allele tendencies in cases and controls across all samples. In total, we tested 50 markers equally distributed across the DISC locus (average inter-marker distance of 8.502 bp). The sample sizes analyzed per SNP ranged between 3.694 and 10.064 individuals.
For the association statistics, we applied a weighted Z-score method using Comprehensive Meta Analysis v. 2 (http:// www.meta-analysis.com/pages/comparisons.html). This program also allows the detection of possible publication bias effects by performing a funnel-plot analysis, as well as an estimate of between-group heterogeneity by performing a heterogeneity test. A meta-analysis based on allelic and/or genotypic data or using information on gender could not be applied, because the raw data necessary for this test statistic were not available for most of the included samples and studies. The P-values for each marker and sample association were downloaded from the Schizophrenia Research Forum database (http://www.schizophreniaforum.org) (10 -12) or, if not available on the website, results were obtained by contacting the groups personally (7, 13) .
